The equilibrium binding of the apolar fluorescent dye l-anilinonaphthalene-8-sulphonate (ANS) to bacteriorhodopsin, BSA, chicken egg lysozyme, ovalbumin, porcine somatotrophin (PST) and bovine pancreatic ribonuclease (RNAase) was quantitatively evaluated using Scatchard-and Klotz-plot analyses. On the basis of the average association constant for ANS binding sites (Ka), the proteins could be ranked in order of surface hydrophobicity as:
INTRODUCTION
Hydrophobicity is the tendency of non-polar solutes to adhere to one another in aqueous environments [1] . Hydrophobic interactions in proteins have a major role in defining conformation and mediating protein-protein interactions [2] . In addition, the number and the relative size of hydrophobic sites on a protein's surface usually dictates its solubility and propensity to aggregate under physiological conditions of pH, temperature and ionic strength [3] . The ability to measure the hydrophobicity of a protein may prove useful in understanding and predicting the effects of manipulation of the sequence of structural or functional domains, for example after site-directed mutagenesis. The present paper describes a novel method of evaluating the surface hydrophobicity of a protein in its native state, using the fluorescent dye l-anilinonaphthalene-8-sulphonate (ANS). This allows a relatively rapid, non-destructive and simple means of quantitatively assessing the apolar nature of a series of different proteins.
Stryer [4] first reported that the quantum yield of ANS increased significantly after binding to the hydrophobic portions of proteins and suggested the use of ANS as a hydrophobic probe for the study of conformational changes in a given protein. However, ANS binding has not been previously used to assess the hydrophobicity of different proteins. We have established a method for quantitatively assessing the average surface hydrophobicity of proteins by estimating the association constant (K.) of ANS-protein binding. These Ka values differ between known hydrophobic and hydrophilic proteins. We have also compared the results obtained using ANS with those derived by other common experimental means of assessing the hydrophobicity of proteins, such as reversed-phase h.p.l.c. Unlike previous methods, the ANS procedure allows an assessment of surface hydrophobicity.
EXPERIMENTAL

Chemicals
Purified proteins in freeze-dried form and all other analyticalgrade reagents used were obtained from Sigma. The solutions were prepared using MilliQ RO water. Purified recombinant porcine somatotropin (PST) was produced as described in [4a] . The buffer used for binding studies was 0.1 M-Tris/HCl, pH 8.0, containing 0.1 M-NaCl.
Protein and ANS estimations
The concentration of protein and ANS solutions was calculated by using molar absorption coefficients (e). The ANS concentration was determined by assuming an £350 value of 5000 M-l cm-' [4] . The concentration of the protein solutions was estimated spectrophotometrically by using an 6280 value of 43600 M-l cm-' for BSA [5] , 36000 M-l cm-' for lysozyme [6] , 29400 M-l cm-' for ovalbumin [7] and 9630 M-l cm-l for RNAase [8] . The £280 for recombinant PST at 280 nm was determined to be 20 500 M-1 * cm-'. The concentration of bacteriorhodopsin was determined by using an £560 value of 54000 M-l cm-' at 560 nm [9] . All photometric measurements were performed using a Varian DMS-90 spectrophotometer. [10] , with f,-carboline as the standard [11] .
Freeze-dried proteins were resuspended in buffer at a concentration of 3-5 mg/ml. Duplicate samples of ANS solutions ranging from 0 to 500 ,aM (final concn.) were prepared in 5 ml tubes. A 50 ,ul portion of a 3 mg/ml protein solution was added to one set of tubes and 50 ,ul of buffer to the other. The samples were vortex-mixed and equilibrated at 25°C for 2 h before analysis, and fluorescence readings were made for triplicate samples. Measurements were taken at equilibrium, which in these studies was taken to be a fluorescence measurement unchanged over time. The ANS was excited at 350 nm, and 10 nm excitation and emission slitwidths were used. Fluorescence emission was monitored at the wavelength ofmaximum intensity, which was evaluated in each case from a variable-wavelength scan of the protein/ANS mixture. The fluorescence measurements were corrected for primary absorbance effects by using the procedure of Birdsall et al. [12] .
Reversed-phase h.p.l.c. analysis
Proteins were analysed on a h.p.l.c. system (Beckman) using data-handling software (Varian). Proteins were separated using a C1-alkyl-bonded silica column (LKB Ultropac; TSK TMS-250) with dimensions of 10 ,um particle size, 25 nm mean pore diameter and 4.6 mm x 75 mm, and a C8-alkyl-bonded silica column (Beckman Ultrasphere Octyl column) with dimensions of 5 yield after ANS binding to the studied proteins are summarized in (Fig.  3a) . The measured increase in fluorescence intensity was translated into mol of bound ANS using the calibration factor obtained from Fig. 2 . Binding isotherms were subsequently derived in which mol of ANS bound were plotted against the concentration of free ANS (Fig. 3b) . The data were then plotted according to Scatchard's equation [13] , as shown in Fig. 3(c) . The non-linear Scatchard plot suggested co-operative binding [14] (Fig. 3d) .
Equilibrium binding of ANS to bacteriorhodopsin, BSA, lysozyme, ovalbumin, PST and RNAase
The equilibrium binding constant at 25°C (Ka) of the ANSprotein complexes were calculated for the various proteins using Klotz plots (Fig. 4) . The Klotz graphs were necessary for the evaluation of binding constants, since non-linear Scatchard plots were obtained for all the proteins tested (results not shown). The average Ka constants and number of ANS-binding sites established from this study are summarized in Table 2 . Bacteriorhodopsin and BSA appear to be the most 'hydrophobic' proteins, with 54 and 10 ANS-binding sites respectively, followed by PST and ovalbumin, which have a total of two and one ANSbinding sites respectively. Lysozyme and RNAase, the least 'hydrophobic' proteins, have lower binding affinities for ANS having respectively three and one sites for ANS.
Reversed-phase h.p.l.c. of Bacteriorhodopsin, BSA, lysozyme, ovalbumin, PST and RNAase Reversed-phase high-performance chromatography is commonly used to determine the relative hydrophobicity of a mixture of proteins [3] . Two different column systems, namely a trimethylsilane C1 reversed-phase column, and an octyl (C8) column, were used in the present study. The results of h.p.l.c. analyses are shown in Fig. 5 . There was inconsistency in the order of elution of the studied proteins between the C, and C. columns. In 
DISCUSSION
The use of ANS as a suitable fluorescent probe for non-polar sites on proteins has been previously established [4, 16] . ANS is essentially non-fluorescent in aqueous solutions and becomes appreciably fluorescent in apolar environments. We observed a marked enhancement in ANS fluorescence after binding to bacteriorhodopsin and BSA; however, there was no significant increase in ANS fluorescence after interaction with lysozyme and RNAase, as suggested by the change in quantum yields and the respective Ka values. This difference in behaviour of ANS presumably reflects differences in surface hydrophobicity of these proteins, particularly the lack of suitable hydrophobic 'clefts' for ANS binding, as reflected by the lack of ANS-binding sites. The binding of ANS to the proteins studied generally followed a cooperative mode of interaction, as suggested by non-linear Scatchard-plot results. Consequently Klotz plots were used to derive equilibrium association constants (Ka) for various ANS-protein interactions.
By using the ANS-binding data as summarized in Tables 1 and  2 , the proteins we studied could be arranged in order of increasing hydrophobicity according to quantum yield and, more precisely, according to the average association constant for the ANS-protein complex. Bacteriorhodopsin appeared to have the greatest degree of surface hydrophobicity and the largest number of ANS-binding sites. This would appear to be consistent with the location of this protein in vivo, that is, embedded in the nonpolar environment of the purple membrane of Halobacterium halobium [9] . BSA also had an appreciable degree of surface hydrophobicity, which may reflect its in vivo function in fattyacid transport [17] . RNAase, on the other hand, appeared to have a very hydrophilic surface, consistent with its function in interacting with highly negatively charged RNA molecules [18] . Similarly, the relative hydrophobic nature of the surface of PST may help explain why this protein exists as a non-covalent dimer under physiological conditions of ionic strength and pH [19] .
There have been a number of attempts to establish a scale of hydrophobicity for proteins. Notably, Bigelow [20] [23, 24] . Separation is commonly carried out under denaturing conditions using organic solvents, which may result, in an unpredictable fashion, in the exposure of the internal residues of the protein to the matrix. According to theoretical predictions, proteins will be eluted in order of hydrophobicity [23, 25] . We observed differences in the order of elution of the same proteins depending upon the hydrophobicity of the reversed-phase column used, with the results suggesting that RNAase was hydrophilic and bacteriorhodopsin and PST relatively hydrophobic. There were also discrepancies between the ANS results and the results obtained using the C1 and C8 columns in assessing the hydrophobicity of BSA. The differences in behaviour of proteins depending on the hydrophobicity of the h.p.l.c. column used have been reported previously [3] . It is suggested that reversed-phase h.p.l.c. is not appropriate for comparing the surface hydrophobicity of proteins in their physiological state.
In summary, the results presented here demonstrate that ANS binding and the resultant Ka constants and, to a lesser extent, ANS quantum yield, may be used as a measure of the relative surface hydrophobicity of proteins. The ANS results differ from those based on reversed-phase h.p.l.c. or using the method of Bigelow [20] , where no allowances are made for the tertiary structure of a given protein. Although there is general agreement between our results and the average hydrophobicity indices for proteins quoted by Bigelow [20] , unlike the limitations with Bigelow's [20] approach, the ANS method may be applied to proteins of unknown primary structure. Furthermore, the ANSbinding method is rapid, simple, and uses microgram quantities of purified protein for analysis.
